Sputter deposition was used to deposit amorphous, 1μm thick, Ti-rich NiTi films on silicon substrates which were annealed at various times and temperatures to alter their microstructure. The effects of heat treatments on the shape memory and mechanical properties of the films were analysed through temperature dependent x-ray diffraction and nanoindentation. These heat treatments were shown to affect the transformation temperatures, recovery ratios and hardness of the films and can be used as groundwork for designing laser processes for the fabrication of functionally graded shape memory devices.
Introduction
Originally observed in bulk specimens, the shape memory effect (SME) and superelasticity (SE) are characteristics shared by the class of materials called shape memory alloys (SMA). These materials generated a great deal of interest in their infancy due to their ability to recover large deformations upon heating and endure significant, seemingly elastic strains. Their widespread use, however, was hampered by their slow response times due to their large thermal mass and difficulties controlling the transformation temperatures of the material. Recently, thin-film shape memory alloys have gained popularity due to their small thermal mass and thus fast response time. Thin film SMA are of particular interest for use in micro electromechanical devices (MEMS) as actuators due to their ability to produce large forces and displacements. One particular SMA, NiTi, has been the focus of extensive research for biomedical applications due to its excellent biocompatibility and good shape memory characteristics. NiTi thin films have been applied to various MEMS applications such as micro-grippers and micro-valves [1] .
Furnace annealing of thin films specimens has been shown to produce specimens that exhibit shape memory properties comparable to those of bulk materials [4] . Lee et. al [5] have characterized the nucleation and growth of NiTi crystals in amorphous sputtered films through in-situ TEM observation. Furthermore, control over transformation temperature, recoverable strain, and even biocompatibility through oxidation have been demonstrated by varying annealing parameters and deposition conditions [4, [6] [7] [8] .
Recently there has been interest in spatially resolved crystallization of SMA films to locally induce shape memory properties. Several groups have shown the ability to crystallize NiTi films using lasers as a heat source. Wang et. al [2] have used a continuous-wave laser to selectively crystallize a sputtered NiTi thin film on a quartz substrate while Birnbaum et. al [3] have used a melt-mediated process to achieve selective crystallization using a pulsed excimer laser. The combination of spatial control of crystalline zones via laser annealing along with control of the microstructure and shape memory properties of thin film SMA would allow the creation of functionally graded devices on which different mechanisms could be activated at different temperatures or stress levels. While lasers are ideal for spatial control of shape memory properties, they produce a highly non-uniform temporal and spatial temperature distribution on the films which complicates the study of the evolution of microstructure and shape memory properties in the processed regions. In this study, the effects of heat treatment on the shape memory and mechanical properties of NiTi thin films are studied through furnace annealing which allows more precise control over the heat treatment parameters. The relationships determined through this study will aid in the design of laser processes for the fabrication of functionally graded devices.
X-ray diffraction (XRD) and transmission electron spectroscopy (TEM), among others have been the primary methods by which both bulk and thin film SMA have been characterized. These methods have been used to determine the crystal structure, phase transformation temperatures, and precipitation behaviour of annealed specimens. The increased interest in thin film SMA also requires the use of different characterization methods that can accurately test materials in this form. Recent studies of the micro and nano-scale properties of SMA such as NiTi have made use of nanoindentation for this purpose. Gall et. al [9] have studied the nanoindentation response of bulk, Ni-rich, superelastic, single crystal NiTi in different orientations. Nanoindentation of thin films has also been used to determine the mechanical properties of sputtered and annealed films as a function of composition and film thickness [10, 11] . Nanoindentation is particularly appealing for thin film specimens since they are not easily characterized by conventional means. There remains to be, however, a systematic study on the effects of heat treatment, specifically temperature and dwell time, on the nanoindentation response of thin film Ti-rich NiTi.
In this study, the effects of ageing heat treatments on amorphous, sputtered, Ti-rich NiTi films are examined to provide insight into the evolution of microstuctures and shape memory properties in laser annealed thin films. Specifically, the effects of annealing temperature and dwell time on the transformation temperatures and mechanical and shape memory properties are characterized through the use of x-ray diffraction and nanoindentation measurements.
Background

Shape Memory and Superelasticity
The shape memory effect (SME) and superelasticity (SE) exhibited by shape memory alloys are both manifestations of a reversible crystallographic shift called the martensitic transformation. For NiTi, the high-temperature or parent phase, austenite, has a cubic (β 2 ) structure and is ordered like CsCl. The lowtemperature phase, martensite, has a monoclinic structure which is achieved through a shear-like deformation of the parent lattice. Thermodynamically, the driving force for the transformation is the change is free energy between the austenite and martensite structures which can be written as
where r and t are the radius and thickness of a nucleated martensitic crystal in an austenitic lattice, is the change in chemical free energy per unit volume between the austenite and martensite, c g Δ σ is the interface energy per unit area, and A and represent the elastic and plastic strain energies associated with the martensitic crystal [12] . The transformation from austenite to martensite is favored when is negative; thus, for the transformation to occur, the change in chemical free energy must overcome the interface and elastic and plastic strain energies.
In addition to the strain energies associated with the nucleation of a martensite crystal, the introduction of precipitates through ageing can also affect the thermodynamics of the phase transformation. Ni-rich NiTi has been shown to produce Ni 4 Ti 3 precipitates through ageing while Ti-rich NiTi develops NiTi 2 precipitates. Due to the limited solubility of Ti in NiTi, in bulk materials, NiTi 2 precipitates only form at grain boundaries which limits their effectiveness in changing the thermodynamic equilibrium. Sputter deposition of Ti-rich NiTi thin films, however, is able to create an unstable structure with a homogeneous distribution of excess Ti. The subsequent annealing of these films causes precipitates to form within the NiTi grains which initially form as thin-plates or GP-zones at low annealing temperatures and times [13] . These plate precipitates are coherent with the austenite matrix and their coherency strains stabilize the austenite phase resulting in a decrease in phase transformation temperatures. Increases in the annealing temperature or time cause the precipitates to become spherical in shape and lose their coherency with the austenite matrix resulting in a rise in transformation temperatures.
Nanoindentation
The indentation modulus and hardness of materials tested through nanoindentation are typically determined from the slope of the unloading curve at max load. The indentation modulus is expressed as
where represents the combined modulus of the indenter tip and the specimen, A is the contact area of the indenter, and dh dP is the slope of the unloading curve at max load. The indentation hardness, H , for a Berkovich indenter is defined by
where P is the max indenter load and h is the "plastic" depth from indentation [14] . For basic indentation tests the maximum load or displacement is specified and after reaching this point the indenter tip is retracted. Using equations (2) Depending on the initial structure of the film, the deformation induced by the indenter can be accommodated by different mechanisms. Films that are martensite at room temperature accommodate the indent through elastic deformation of the martensite, detwinning, and plastic deformation of the martensite. The residual imprint left in the sample after the tip is retracted is the deformation accommodated by detwinning and plasticity. Films that are austenitic at room temperature accommodate the deformation initially by elastic deformation of the austenite, the stress induced phase transformation to martensite, followed by detwinning and elastic and plastic deformation of the martensite. Plastic deformation of the austenite can also be induced depending on the level of stress required to cause the austenite to martensite phase transformation. For these films, the residual imprint is the deformation accommodated by plasticity of the austenite or martensite and any residual stress-induced martensite. Upon heating, martensitic films will transform to austenite, recovering the deformation accommodated through detwinning. The recovery ratio, defined as
where is the residual indentation depth after unloading, and is the residual indent depth after heating, and represents the level of pseudo-plastic deformation accommodated by detwinning and phase transformations. 
Experimental Procedure
Ti-rich Ti-Ni thin films were deposited on silicon substrates with a 1µm ultra-low residual stress Si 3 N 4 LPCVD barrier layer to prevent any interaction between the film and substrate. The films were deposited at room-temperature in a magnetron sputtering system from an equiatomic NiTi target and a pure Ti target to achieve an amorphous structure which was verified using x-ray diffraction (XRD). The composition of the film was determined by energydispersive x-ray spectroscopy (EDX) to be 51.8 at% Ti-Ni and the film thickness was 1µm. Ti-rich films are of particular interest when creating shape memory devices since they generally have higher transformation temperatures than Ni-rich ones. Annealing of the films was performed in a vacuum tube furnace with PID temperature control. The specimens were placed in the furnace at room temperature and the system was purged with ultra-high purity argon and evacuated prior to heating. To minimize oxidation during annealing a quartz plate was clamped to the face of the NiTi film and a pure Ti block was placed in the furnace. The Ti block was used since it preferentially oxidizes compared to the NiTi film. The Ti block was polished abrasively before each annealing test to remove any oxide growth from previous annealing steps. A schematic diagram of the annealing setup is shown in .
Classical heat treatments of alloys consist of a solution treatment followed by an aging step. The solution treatment is used to homogenize the material which is then quenched to preserve its structure. The subsequent aging step is used to control the microstructure of the material. This is achieved by heating the material to a moderate temperature at which the solid solution is no longer stable, resulting in the nucleation and growth of precipitates. Since the sputter deposited Ti-rich films have an unstable, homogeneous composition similar to a quenched solid solution, no solution treatment step was performed prior to ageing. This method is also more consistent with laser annealing processes. Aging treatments were performed at four different temperatures: 460, 560, 660, and 760°C and were held at those temperatures for 5 minutes. Two additional experiments were performed for the 460°C aging treatment with dwell times of 60 and 120 minutes. After aging the samples were quenched in water to stop the precipitation process.
Following the aging treatment the films were characterized using XRD with an in-situ heating apparatus. As the temperature in the XRD was cycled the growth and decay of the austenitic peaks was recorded. The temperature at which the austenitic peaks start to emerge is the austenitic start temperature, A s , and the temperature at which they stop growing is the austenitic finish temperature, A f . The martensitic start, M s , and finish, M f , temperatures are the temperatures at which the austenitic peaks begin to decay and disappear, respectively.
Nanoindentation was used as a means to determine the shape memory and mechanical properties of the annealed thin films. A diamond berkovich tip, a 3-sided pyramid shape, was used to produce the indents. Arrays of both the CSM and basic tests were performed on the annealed specimens. CSM measurements were performed to a depth of 1μm to characterize the full thickness of the film. Basic tests were performed to a depth of 100nm to minimize substrate effects on the material response. The residual indents were subsequently imaged using AFM to determine their initial depth. Upon heating the reverse transformation from martensite to austenite occurs, recovering some of the deformation. The indentation depths were measured again after heating to determine the recovered depth. Figure 2 shows XRD spectra of sputtered NiTi films before and after furnace annealing. Scans were performed at room temperature to determine whether the films would exhibit shape memory, superelasticity, or if they were amorphous. The as-deposited film shows a typical amorphous spectrum with no identifiable peaks. After annealing for 5 minutes at 460°C, the film is martensitic at room temperature and will exhibit shape memory. Annealing for the same time at 760°C results in an austenitic film at room temperature which will exhibit superelasticity. XRD scans during heating (a) and cooling (b) of the <110> austenite peak for a film annealed at 560°C for 5 minutes is shown in Figure 3 . These curves are typical of films that contain martensite at room temperature and are direct evidence of the reversible martensitic transformation. The initially austenitic film, however, shows no change in crystal structure upon heating.
Results and Discussion
Austenite is stable at elevated temperature so no phase change is expected. The amorphous film also shows no change upon heating. Table 1 illustrates the transformation temperatures of the films annealed at different temperatures and times as determined through temperature dependent XRD measurements. Figure 4 is an optical micrograph of indentations made in a martensitic film which was annealed at 460°C for Figure 5 shows representative loaddisplacement curves for 100nm basic indentations into martensitic and austenitic films. The austenitic film shows greater recovery during unloading due to the additional deformation accommodated by the martensitic phase transformation.
It is important to note here that, in this study, the effects of annealing time and temperature are assumed to be independent. While this assumption is not strictly true, two separate temperature regimes can be identified. The thin-plate precipitates which form in Ti-rich thin films have been shown to only form for annealing temperatures below 547°C [13] . The minimum temperature was chosen to be just above the crystallization temperature of amorphous NiTi films and below the critical temperature to produce spherical precipitates. The annealing time range was chosen to allow for sufficient growth of the precipitates from plate to spherical form at the lowest annealing temperature.
Effect of Annealing Time
Phase Transformation Temperature
To determine the effect of annealing time on the shape memory properties, films were annealed for three different times at the same temperature, 460°C. Figure  6 shows the upward trend of the M s temperature as annealing time increases. This trend is due to the coherency strains associated with NiTi 2 precipitate formation within the NiTi grains. The initial precipitates are coherent with the austenite matrix and stabilize the austenitic phase. Increasing the annealing time causes the precipitates to grow in size and to lose their coherency, resulting in an increase in transformation temperatures [15] . This upward trend is consistent with the work of Ishida et. al [16] who studied the phase transformation temperatures of Tirich films under an applied stress. Their results, however, span a much larger annealing time range and show a non-linear relationship between annealing time and transformation temperature. A smaller time range was chosen for the current study since laser annealing processes typically crystallize the film over a much shorter time period. The current results show a nearly linear relationship between annealing time and martensitic start temperature.
A slight downward slope of the A f temperatures with increased annealing time is also observed in Figure 6 . This trend, combined with the increase in M s with increasing annealing time suggests a decrease in the transformation's thermal hysteresis with increased annealing time. The thermal hysteresis of NiTi alloys is a result of a variety of mechanisms such as elastic energy dissipation and external stresses. Gabry et. al [17] have shown that the thermal hysteresis is a positive function of stress for Ti-rich NiTi specimens. Increased annealing time would allow for greater relaxation of residual stresses induced during deposition and thus reduce the hysteresis observed. Hamilton et. al [18] have further characterized the thermal hysteresis of single crystal NiTi alloys considering the dissipation of elastic strain energy due to frictional work during the forward transformation.
Elastic strain energies, " A " in equation (1), promote the reverse transformation from martensite to austenite and thus their dissipation increases the required chemical energy difference, in equation (1), between the two phases for the transformation to occur. This has the effect of increasing the hysteresis of the phase transformation. Initially coherent precipitates in the matrix have been shown to increase the elastic energy dissipation during the transformation and thus cause increases in the thermal hysteresis.
Since the coherency of the precipitates is expected to decrease with increasing annealing time, a decrease in hysteresis is expected as well. Figure 7 is an AFM scan showing the indentation depth before and after heating of a typical martensitic film. The average depth before and after heating was determined from the array of nine, 100nm deep indents performed on each specimen. Figure 8 shows the recovery ratio of the films as defined by equation (4) . The shape of the curve suggests that annealing time has little effect on the recovery ratio. For two of three annealing times the Mf temperature was found to be above room temperature and thus the films are fully martensitic at room temperature. For the third annealing time, only a slight amount of residual austenite was observed in room temperature XRD spectra. This suggests that the Mf temperature is only slightly below room temperature and that the majority of the film is martensite. Since all of the films annealed at 460°C are fully or primarily martensitic at room temperature, phase transformation strain is not Film annealed at 460°C for 5 minutes.
expected to be a significant deformation mechanism in these specimens. Additionally, plastic deformation of the martensite is the only permanent deformation mechanism for these films. Assuming a fixed yield stress for the martensite, the recovery ratio becomes a function of the critical stress required to induce detwinning. The effect of changes in transformation temperature on this critical stress is illustrated in Figure 9 , a phase diagram for NiTi in the stresstemperature domain. A change in transformation temperature between materials is represented by a shift in the transformation curves to the left or the right. For materials that are fully martensitic at room temperature, the critical stress for detwinning is nearly constant. Thus, as observed, the recovery ratio of the films should show little dependence on annealing time. Additionally, CSM indentations performed on the films showed nearly identical modulus and hardness values as a function of depth for the different annealing times. This also suggests that the deformation mechanisms were the same for each of the films and occurred at similar stress levels. The level of deformation accommodated by elastic, plastic and shape memory mechanisms for each of the films is shown in Figure  10 . The majority of the indentation deformation is recovered elastically upon unloading and is nearly constant with annealing time.
Effect of Annealing Temperature
Phase Transformation Temperature
The effect of annealing temperature was studied by varying the annealing temperature for a set annealing time. Figure 15 shows the change in the martensitic start temperature as a function of annealing temperature. The results show an inverse relationship between annealing temperature and phase transformation temperature. The change in transformation temperature over the range of annealing temperatures is large enough that films treated at low temperatures are martensitic at room temperature while the film treated at the highest temperature, 760°C, is fully austenitic at room temperature as can be seen in Figure 11 , room temperature XRD scans which show the emergence of austenitic peaks with increasing annealing temperature. This trend is opposite to what has been observed for similar heat treatments performed by Ishida et. al on Ti-rich films [4] . As the annealing temperature is increased, diffusion becomes more active which causes the precipitates to form and grow at a higher rate. This results in larger, more spherical precipitates forming at higher annealing temperatures. These precipitates lose their coherency with the austenitic matrix and do not have the stabilizing effect of the thinner plate precipitates seen at lower temperatures. This suggests that increasing the annealing temperature should increase the phase transformation temperatures. The transformation temperatures of NiTi, both in bulk and thin film form, however, have been shown to be a strong function of composition with Ti-rich materials having higher transformation temperatures.
σ Changes in the composition of the NiTi matrix are the result of a few different mechanisms. As mentioned before, at equilibrium, NiTi is unable to dissolve over 0.5 at% excess Ti. The film used in this study has an unstable homogenous composition of 51.8 at% Ti -Ni as deposited and NiTi 2 precipitates will form during annealing. This has the effect of bringing the NiTi matrix composition closer to its equilibrium state, 50 at% Ti -Ni. Increases in annealing temperature allows greater diffusion and thus, for the same annealing time, will cause a larger shift toward the equilibrium composition. Additional reduction in the Ti-content of the NiTi matrix is caused by the oxidation of the film. Firstov et. al [8] have shown that the oxidation rate of NiTi follows a linear trend below 500-600°C, beyond which there is exponential growth. The oxidation products are mainly Ti-oxides such as TiO 2 and TiO and are produced by consuming Ti from the NiTi matrix resulting in a further composition shift toward the Ni-rich side and a reduction in phase transformation temperatures. Despite the precautions used to minimize oxidation during annealing, oxidation of the films was observed. The discoloration of the film surface was particularly evident for higher annealing temperatures. Due to the thickness of the films, even a small layer of oxidation will cause significant changes in the matrix composition and thus transformation temperatures.
Mechanical Response Figure 5 shows a nanoindentation load curve for a basic indent into the austenitic film which was annealed at 760°C for 5 minutes. The residual indentation depth, defined as the depth at which the load returns to zero upon unloading, is significantly lower than that of the martensitic film shown in the same figure. This is due to the added deformation accommodated by the stress-induced martensitic transformation that is recovered upon unloading. The recovery ratio as a function of annealing temperature is shown in Figure 12 . For the annealing times that produce martensite at room temperature, the recovery ratio is nearly constant with temperature. However, once the room temperature structure changes to austenite, the recovery ratio upon heating decreases sharply. The slight depth recovery upon heating of the austenitic film is due to residual stress-induce martensite in the film.
The percentage of deformation accommodated by elastic, plastic, and shape memory mechanisms for the different annealing temperatures is depicted in Figure  13 . The percentage of deformation accommodated by elastic deformation is nearly constant for the films annealed at 460, 560 and 660°C, but shows an increase for the films annealed at 760°C. Since the latter specimen recovers the detwinning and phase transformation strains upon unloading, these effects cannot be separated from elastic recovery, resulting in an overall increase in this value. The film annealed at 760°C also shows a larger percentage of deformation being accommodated by plasticity. As shown in Figure  9 , the critical stress required to induce the phase transformation increases with decreasing transformation temperatures. If a larger stress is required to cause the transformation, a greater percentage of the film will experience stresses above the yield stress and greater plasticity will occur. seems to increase with increasing annealing temperature except for at shallow indentation depths. For indentation depths above 200nm, the difference in hardness between films annealed at 460 and 560°C is negligible. Increases in the annealing temperature from 560 to 760°C, however, is accompanied by an overall increase in hardness with temperature. Since all of the films are deposited on the same substrate and barrier layer, this shift is indicative of a change in the active deformation mechanisms between the films rather than substrate properties. For the fully austenitic film, as the indentation depth increases the hardness values decrease but remain higher than those of the films annealed at lower temperatures even at the maximum indentation depth of 1μm. The initial decrease in hardness is thought to be due to the relative activity of the different deformation mechanism with increasing stress. At low depths and stresses a great deal of deformation is accommodated by elastic deformation of the austenite, resulting in a high hardness values. As the indentation depth is increased phase transformation becomes a more active mechanism. Further increases in indentation depth results in a greater presence of stress-induced martensite which is accompanied by a decrease in hardness. The hardness at the maximum indentation depth does not reach that of the martensitic films since not all of the material under the indenter tip will undergo the phase transformation and the properties of the residual austenite in and around the indentation will still be felt. The hardness of the films at a 400nm indentation depth along with martensitic start temperatures are shown in Figure 15 as a function of annealing temperature. While significant substrate effects will be seen at 400nm in a 1μm film, each film is deposited on identical substrates so the effects should be similar for each specimen. The change in hardness coincides with the change in the transformation temperature. This supports the theory that the deformation mechanism is responsible for the hardness shift. The strain accommodated by phase transformation in austenitic films is reversible upon unloading which acts as a pseudo-elastic deformation mechanism. With a greater number of reversible deformation mechanism available to austenitic films, and a larger elastic modulus than for martensite, for the same indentation depth, a greater load will be necessary and the contact area will be smaller. Both of these effects contribute to the greater hardness seen for austenitic films. The increase in hardness seen between the films annealed at 660 and 760°C is due to the volume fraction of martensite in each of the films. Annealing at 760°C produces a fully austenitic film while annealing at 660°C produces a phase mixture of martensite and austenite as determined through XRD. Using the rule of mixtures, Figure 15 : M s temperature and hardness at 400nm indentation depth as a function of annealing temperature. Dashed line shows expected behavior of M s temperature for 760°C annealing temperature which was fully austenitic at room temperature. Error bars denote standard error.
the fully austenitic films would be expected to have a higher hardness value.
Conclusion
Ti-rich NiTi films annealed at various temperatures and times have been characterized through x-ray diffraction and nanoindentation. The films exhibit a martensitic structure when annealed at low temperatures and the growth of NiTi 2 precipitates with annealing time results in higher transformation temperatures and a reduced thermal transformation hysteresis. Increasing the annealing temperature has been shown to decrease transformation temperatures and increase the volume fraction of austenite in the films. The recovery ratio of the films after nanoindentation was found to be dependent primarily on the room temperature phase of the film with the martensitic films showing greater thermally induced recovery due to the pseudo-plastic deformation accommodated by detwinning. Nanoindentation hardness has been shown to increase with decreasing transformation temperatures due to the addition of phase transformation strain as a pseudo-elastic deformation mechanism for austenite. These results suggest that short duration thermal treatments are an effective method of changing the shape memory and mechanical properties of Ti-rich NiTi thin films. Furthermore, these relationships can be applied to the design of laser processes for fabrication of functionally graded shape memory devices.
